defined agonist-adjuvant combinations to vaccines is a promising strategy to ensure a protective vaccine response in neonates.
Introduction
High disease burden in early life and recent advances in understanding neonatal immunology have created a renewed interest in neonatal vaccination and adjuvants. Neonates (defined as children less than 4 weeks of age) and young infants are less protected against life-threatening diseases due to lack of vaccines or late administration. For instance, developing a flu vaccine that can be given to infants younger than 6 months of age would significantly reduce worldwide morbidity and mortality from the disease. Recent research indicates that neonatal vaccination may be an effective strategy for protecting against earlylife infections such as influenza, respiratory syncytial virus, and pertussis. Bacillus Calmette-Guerin (BCG), a live vaccine against tuberculosis, demonstrates that a single dose of vaccine administered at birth can in principle confer lifelong protection [1] .
Almost all vaccines work through induction of serum or mucosal antibodies, especially in young infants where the lack of previous antigen exposure limits the effective-ness of T-cell responses [2] . Cellular immunity is also required for protection against disseminated disease and recovery from measles and smallpox [3] [4] [5] . CD4+ T cells, especially follicular B-helper T cells (TFH), are instrumental in helping B cells to produce antigen-specific antibodies. Also, Th1-and cytotoxic T lymphocyte-mediated immunity is critical for protection against intracellular infections, as exemplified by the BCG vaccine [6] .
Currently, only the hepatitis B (Hep B) vaccine is recommended for administration at birth in the US [7] , though the oral polio and BCG vaccines are also given in other parts of the world [8] . The Hep B vaccine contains alum, which is the only approved adjuvant for use in neonatal vaccines due to its established record of safety and its promotion of Th2-mediated antibody responses. The Hep B vaccine confers strong protection, significantly reducing infection rates [9] , and has also been shown to have therapeutic value when administered to Hep B-infected infants in conjunction with Hep B immunoglobulin [10] . However, while the Hep B vaccine is satisfactory for protecting neonates, it requires 3 doses, unlike BCG which is protective after only one, and can likely be improved by the incorporation of more potent adjuvants than alum.
Aluminum salts usually do not promote robust Th1 immunity [11] , which is a major shortcoming, particularly in the context of neonatal immunity, where there is a pronounced tendency for skewing towards Th2 responses [1, 12] . Murine studies have shown that neonatal Th1 cells express the IL-4Rα/IL-13Rα heteroreceptor, rendering them susceptible to apoptosis mediated by IL-4, a product of Th2 cells [13] . A better adjuvant than alum which can simultaneously stimulate both innate and Th1-type immunity will help in the development of protective neonatal vaccines against multiple diseases, and hopefully reduce the number of necessary doses. Combinations of alum with other adjuvants such as CpG oligodeoxynucleotides have shown promise in murine experiments [14] , but little research is being done on clinical applications of novel adjuvants in humans. While a search of the National Institutes of Health database (search terms 'neonate' and 'adjuvant', conducted October 2015) revealed several ongoing clinical trials of vaccines for pregnant or postpartum women, there are currently no trials aimed at the introduction of new adjuvants for neonatal vaccines, leaving this need unmet.
Effective neonatal vaccination would be ideal especially for less-privileged infants, for whom birth is often the only contact with health care systems. Neonatal vaccination therefore has the potential to improve vaccine coverage and confer protection before initial exposure to vaccine-preventable viral and bacterial infections. Alternative, indirect strategies include vaccination of the pregnant mother and/or other family members so as to 'cocoon' the neonate against exposure to pathogens (e.g. expectant mothers in the US are recommended to receive the Tdap and inactivated influenza vaccines [15] ), but these strategies have shortcomings. The transfer of maternal antibody depends on factors such as gestational age, maternal antibody level (which in turn depends on pathogen exposure and timing of maternal vaccination), IgG subclass, placental characteristics, and maternal nutrition. Additionally, maternal antibodies interfere with infant vaccine responses and reduce the bioavailability of orally administered vaccines [16, 17] . Apart from the immunological challenges, cocooning is logistically complicated, limited by safety and medicolegal concerns (e.g. the ethics of mandating vaccination of healthy adults against diseases for which they are not personally at risk), and expensive. Direct vaccination of neonates at birth is therefore to be pursued as the best means of protecting them from infection.
Challenges
The immune system of neonates differs in many ways from that of older children and adults. In newborns, plasma is rich with immune regulatory factors such as adenosine [18, 19] . The numbers of antigen-presenting cells (APC) are low, with low basal levels of costimulatory molecules, MHC-II surface expression, and a decreased ability to produce cytokines (particularly IL-12) in response to single Toll-like receptor (TLR) stimulation [1, 20, 21] . Human cord blood CD4+ T cells are enriched in immature recent thymic emigrants and show polarization towards Th2 upon antigen exposure, with low production of Th1 cytokines and a reduced frequency of TFH [1] . At the same time, an abundance of immune-suppressive natural Tregs are active in neonates, secreting large amounts of IL-10 and TGFβ that induce tolerogenic APCs and suppress effector T-cell responses [22, 23] . Neonates also respond to immune challenge with qualitatively and quantitatively lower antibody responses [1] : a vaccinated neonate will produce lower antibody titers with less-functional antibody compared to a 2-monthold infant. Defects in plasma cell differentiation have been identified, owing to limited T-cell help [8] . Together, the divergence of neonatal immune responses from older children and adults suggests that neonatal immu-nity is tightly regulated to facilitate microbial colonization and to avoid untoward proinflammatory responses, which unfortunately has the additional effect of making them vulnerable to infections.
Neonatal Immunity
The study of immunology in neonates poses special ethical challenges because of the great vulnerability of this population [12, 24] . Umbilical cord blood is usually used in experiments, but this is an imperfect reflection of immune function in the first 4 weeks after birth since gut microflora have a tremendous impact on immune system development and are not acquired until after birth [25] . Mice are more readily available for experimentation, but there are important known differences in the course of development during the neonatal period. In mice, 'neonatal' typically refers to the first 7 days after birth, leaving a strictly limited time period for the performance of experiments. These experiments in turn usually continue for weeks to months -well into murine adulthood -with the ultimate result that any findings might not be applicable to human neonates. Furthermore, there is evidence that environmental conditions at birth significantly influence the functioning of human neonatal APCs [26] , such that studies performed in industrialized countries may yield different results compared to developing countries. Nevertheless, with these caveats in mind, a body of research has accumulated on the mechanisms of neonatal vaccine responses and possible intervention strategies.
A study of human neonates showed impaired Th1 polarization in response to infection by Staphylococcus species [27] , thought to result from programming by the maternal immune system in utero as a safeguard against catastrophic immune reactions, specifically by means of increased prevalence of Tregs [28] . Maternal antibodies transferred through the placenta or in milk also interfere with effective vaccination, as these circulating antibodies can reduce the availability of antigen to the neonate's own immune cells [17] , and the neonatal Fc receptor increases the serum half-life of passively transferred antibodies [29] . There are also indications of poor tissue organization in neonatal lymph nodes in mice, with murine B cells generally showing immature phenotypes [28] , probably due to the naive state of the neonatal immune system. Maternal antibodies have only minimal effects on T-cell responses as observed with the strong Th1-type immune response generated by neonates after vaccination with BCG [30] . The observed success of neonatal vaccination using Hep B and BCG demonstrates that the adaptive immune systems of neonates are sufficiently strong to generate functionally protective antibody and long-term Tand B-cell memory in response to the proper combinations of vaccine antigens and adjuvants. Thus, the central difficulty with neonatal immune responses likely lies not with the T and B lymphocytes, but with the innate immune system. The defective responses of neonatal APC to pattern recognition receptor (PRR) stimulation described below are most likely attributable to the neonatal immune regulatory milieu and can very well be overcome by inducing synergistic signals through multiple PRRs, enabling robust adaptive and memory responses to vaccines. An overview of important cellular interactions for strong vaccine response is presented in figure 1 .
A successful vaccine formulation must be able to circumvent or overcome the functional peculiarities of the neonatal period. Research continues to yield insights into early immune ontogeny and neonatal vaccine responses. Translational investigation in this field focuses on modulating neonatal innate immune pathways to overcome subdued Th1 immunity by incorporating safe, potent adjuvants into vaccines.
Adjuvants
Concerns about efficacy, systemic inflammation, and immune tolerance or autoimmunity hinder the development of neonatal vaccines. A good adjuvant improves protective immune responses, thus sparing costly antigens and doses. Few adjuvants are licensed for use in human vaccines. As of this writing, only vaccines containing simple aluminum salts have been approved for neonates. More complex adjuvants such as AS04 [aluminum hydroxide bound to the monophosphoryl lipid A component of lipopolysaccharide (LPS), produced by GlaxoSmithKline] and AS03 (an oil-in-water emulsion containing vitamin E) have recently been licensed for use in the United States and other countries in vaccines used in infants (beginning at 6 weeks of age), older children, and adults [31] , and a few others are being tested or have already been licensed in other parts of the world, particularly the oil-in-water emulsion MF59 (produced by Novartis) [32, 33] .
In nature, a pathogen is never encountered as an isolated antigen; instead, a whole bacterial cell or virion possesses a wide variety of specific antigens and pathogenassociated molecular patterns such as LPS or dsRNA. Adjuvants boost the immunogenicity of a killed/attenuated pathogen or isolated antigen by making the immune system treat these more like intact pathogens [31] [32] [33] [34] . The immune boosting effect of an adjuvant operates by increasing the half-life of antigen within the recipient or activating innate immunity, while some adjuvants do both [35] . Controlled antigen release (also known as the 'depot effect') depends on binding of adjuvant molecules to antigen molecules within the vaccine preparation. The activity of adjuvants containing aluminum salts depends in part on the creation of such depots [36, 37] . Similarly, MF59 assembles antigen-containing microspheres [38] which persist in the tissue significantly longer than antigen alone, prolonging immune stimulation from a single vaccine dose and improving the quality of the response [32, 39] . Another example is Hep-c, an experimental adjuvant based on the formation of antigen-bearing nanospheres. This was found to improve the immunogenicity of the Hep B vaccine in adult mice, eliciting improved Th1 responses compared to the formulation containing aluminum hydroxide [11] .
Novel adjuvants need to combine the safety and antibody induction of alum with superior innate immune potentiation to induce Th1 and TFH cell responses. For example, in addition to the depot effect, MF59 enhances APC migration and survival, maintaining strong B-and T-cell memory and TFH cell responses with a good safety profile [40] . Adjuvants such as AS04 combine alum with the TLR4 agonist monophosphoryl lipid A, enhancing innate immune responses while maintaining safety [41] . Newer adjuvants should aim to boost vaccine responses by activating innate immune signaling pathways as BCG does. Lactoferrin, a major whey protein component of milk, has been shown to promote dendritic cell (DC) maturation and IL-12 production in neonatal mice model of influenza, and can be considered as a safe adjuvant [42, 43] . In addition to processing antigen into a form recognizable by lymphocytes, APCs also express diverse cytokines and costimulatory molecules which can profoundly influence the course of an immune response [44, 45] . A recent study of plasmacytoid DCs (an important APC population) demonstrated that neonatal pDCs can drive IFNα-mediated Th1 responses comparable to adults as long as the proper TLR stimulants are included [46] . Synergistic stimulation of DCs with at least 2 TLR agonists has been shown to enhance IL-12p70 secretion from cord blood [20] . IL-12 also mediates DC-directed T-cell differentiation to TFH [47, 48] , which in turn promote Bcell memory responses, indicating that potentiation of innate cell responses can help overcome adaptive immune deficiencies in neonates. Innate immune response can be enhanced by judicious targeting of PRRs. The factors that influence Th1/Th2 skewing include antigen dose, type of adjuvant, and route of administration. Since activation of TFH and Th1 cells depends strongly on IL-12 [49, 50] , effective induction of IL-12 is a highly sought goal in vaccine design. Attempts to promote Th1 immunity by targeting antigen directly to DCs have met with some success [50] , and other tested adjuvants seek to accomplish this by activating the intracellular signaling networks of APCs. The complement molecule C3d has been used as an adjuvant in adult mice [28] , falling into the category of innate immunity activators.
Broadly, innate immune signaling comprises PRR and their downstream effectors. The main PRR of interest in vaccine design are the TLRs and the NOD/inflammasome pathways inside immune cells, which recognize conserved molecular patterns common to different categories of pathogens and trigger the production of cytokines and chemokines (including IL-12) to tune the immune response [51, 52] . Most TLR signaling depends on the adaptor protein myeloid differentiation primary response 88 (MyD88), which connects receptor ligation to activation of MAPK and NFκB [51, 53] . Upon testing, many adjuvants have been found to act through MyD88. Heparan sulfate, an endogenous danger signal and TLR4 ligand, promotes DC maturation in a MyD88-dependent fashion [54] , and both alum and MF59 have been found to require MyD88 for their adjuvant activity [38] in addition to the establishment of antigen depots. Cyclodextrins, a family of drug delivery systems, have likewise been found to boost vaccine responses both by increasing antigen availability and by signaling through MyD88 to increase the activity of TFHs [54] . Many of these adjuvants activate inflammatory signaling indirectly, as a consequence of tissue damage and the release of danger signals which are themselves PRR ligands. NOD/inflammasome activation and consequent caspase-dependent cytokine secretion is often a consequence of adjuvant-induced cell death [55] [56] [57] . Simultaneous activation of multiple PRR appears to be an effective means of overcoming neonatal DC nucleosome remodeling, restoring IL-12p35 production favorable to the development of a Th1 immune response [58] , and additionally counteracts the APC tolerance caused by the heightened prevalence of Tregs and other suppressive mechanisms active in neonates.
With the growth of our understanding of innate immune signaling pathways in vaccine responses, directed and evidence-based approaches have become more feasible, leading to the current interest in compounds such as the TLR4 ligand monophosphoryl lipid A [37, 59] and the TLR7/8 ligand R848 [20, 56] . Continued research will yield more effective, targeted adjuvants, tailored to the specific pathogens against which a vaccine is sought.
Mechanistic Attributes Necessary for an Effective Neonatal Adjuvant
TLRs can be categorized as endosomal or surface expressed. The difference between the TLRs which function well in neonates and those which do not appears to be that the former (TLR3, TLR7, and TLR8) are located within endosomes, while the latter (most prominently TLR2 and TLR4) are surface-expressed. This fact is critical for understanding the signaling mechanisms employed by different TLRs. TLR4 is well known to depend on its coreceptor, CD14, for effective signal transduction, particularly with respect to the engagement of TIR-domaincontaining-adaptor inducing interferon-β (TRIF)-dependent signaling [51] . Emerging evidence indicates that CD14 also plays an important role in TLR2 signaling. CD14 has been demonstrated to bind TLR2 directly, facilitating ligand transfer [60] . The LPS-binding protein interacts with lipoteichoic acid, similarly bringing it into contact with CD14 and TLR2, and increased lipoteichoic acid binding to CD14 promoted inflammatory cytokine production [61] . In human neonatal cord blood, CD14 levels are generally low compared to adults [62] . This is true specifically on neonatal cord blood monocytes [20] , which is particularly suggestive that CD14 deficiency may be an important contributing factor to the impaired neonatal immune response to TLR2 and TLR4 stimulation. In light of this, we can posit a mechanism in which impaired CD14 and MyD88 functioning in neonatal APCs dampens their response to stimulation by TLR2 and TLR4 ligands ( fig. 2 ) . The intracellular receptors are not similarly affected: TLR3 because it signals independently of MyD88, relying instead upon a different TLR adaptor, TRIF [63] , and TLR7 and TLR8 because they do not require association of CD14. In neonatal mice, TRIF-dependent TLR4 signaling was found to be protective against Gram-negative sepsis, while MyD88-dependent TLR4 signaling was protective in adults [64] , indicating that the relationship between these pathways shifts with age.
An important molecule for the regulation of adaptive immunity is the proinflammatory cytokine IL-12. Secreted largely by DCs [65] , it promotes the activity of cytotoxic T lymphocytes and Th1 [66] , and is also critical for the differentiation of TFHs [47, 48] . MF59 was recently shown to improve vaccine responses of neonatal and infant mice by promoting TFH activity [40] ; the mechanism was not conclusively identified but the possibility of IL-12 involvement should not be overlooked. Adenosine, which is abundant in neonatal cord blood [67] , is known to suppress TLR-dependent secretion of cytokines including IL-12 [68] [69] [70] . It is therefore possible that part of the neonatal deficiency in Th1 polarization arises in part from high concentrations of circulating adenosine. More general defects in TLR signaling also appear to contribute. For example, stimulation of human neonatal DCs with CpG (a TLR9 ligand) results in reduced production of IFNα compared to adults [71] . This is likely a result of defective IRF3 activity (a critical mediator of TLR signaling), which may also contribute to dampened IL-12 production [72] . Deficient IFNα responses from human neonates are also observed in the context of respiratory syncytial virus infection, thought to contribute to the type 2 inflammation associated with a failed respiratory syncytial virus vaccine trial in the 1960s, especially in infants [12] . Human cord blood leukocytes have reduced MyD88 expression, resulting in diminished MAPK activation and IL-12 production upon TLR4 stimulation [67] . A study with ceramide, a ligand of TLR4 [73] , found that it was an effective adjuvant for tetanus vaccine responses in young mice (17 days old) but not in neonatal mice, and that inflammatory cytokine production in response to ceramide improved with the age of the mouse, parallel with the LPS response [74] . This is further animal model evidence of neonatal defects in the innate immune signaling pathways downstream of TLRs.
Neonatal responses to stimulation through the intracellular receptors TLR3, TLR7, TLR8, and TLR9 are typically robust. For example, polyinosinic:polycytidylic acid, a ligand for TLR3, together with retinoic acid was found to be an effective adjuvant for the tetanus vaccine in neonatal mice, while polyinosinic:polycytidylic acid alone could promote Th1 activity but not persistent memory [75] . CpG DNA, the definitive TLR9 ligand, improves Th1 activity during infection in neonatal mice, and additionally suppresses IgE production in response to allergen challenge [28] . Neutrophils from neonatal horses were found to produce increased IFNγ upon stimulation with CpG DNA [39] . In combination with immune defense peptides and polyphosphazenes (a microsphere-forming synthetic polymer), CpG increased the secretion of antibody against pertussis toxoid after vaccination of both adult and neonatal mice [76] . 167 TLR7/8 stimulation has been the subject of much recent interest. These intracellular TLRs predominantly recognize ssRNA, and appear to be highly active in neonates. Unlike TLR4 and TLR2, stimulation of TLR7/8 usually results in robust activation of innate immune signaling in neonates, probably due to their ability to utilize adenosine-refractory intracellular pathways. TLR8 stimulation by 3M-002, a specific ligand, was found to increase expression of proinflammatory cytokines including IL-12 by human cord blood PBMC, raising some responses to levels comparable to adult PBMCs [77] . VTX-294, a synthetic TLR8 ligand, similarly elicited strong cytokine production from human cord blood; human neonatal TNFα and IL-1β production in response to VTX-294 were actually significantly greater than adults' [78] . TLR8 stimulation of neonates is also robust enough to overcome the anti-inflammatory effects of adenosine [56] . R848 (also known as imiquimod) is a ligand for both TLR7 and TLR8. A comparison of specific TLR7 or TLR8 stimulation with simultaneous ligation of both receptors by R848 showed the strongest production of TNFα and IL-1β in response to R848 in human umbilical cord cells [56] , indicating both that these signaling pathways function properly in neonates and that simultaneous stimulation of multiple TLRs generates a stronger response than one or another individually.
Conclusion
To succeed, the vaccination of neonates must overcome two major hurdles. The first is passive immunization from maternal antibodies. This can likely be addressed by novel adjuvant formulae, as shown with some success in the context of a pertussis vaccine by a complex adjuvant formula [17, 76] . In addition, the ability of the neonatal Fc receptor to prolong the serum half-life of compounds makes it attractive for manipulating vaccine pharmacokinetics [29] . The other major difficulty is inadequate stimulation of type 1 immunity as a result of defective APC responses to PRR ligation. The most effective means of overcoming this defect seems to be simultaneous stimulation of multiple TLRs, especially the intracellular receptors TLR3, TLR7, and TLR8, so as to assist in the promotion of Th1 differentiation by means of increased IL-12 production [75, 77, 78] . Future studies of neonatal immunity should pay close attention to the different signaling pathways engaged by PRRs and how the functioning of these pathways changes as children age out of the neonatal period. The key to effective vaccination is the effective targeting of these pathways by adjuvants. Although a recent review found no association between oil-in-water or TLR-based adjuvants and the development of autoimmune disease [35] , the safety of any new adjuvant will continue to be of paramount concern. The questions of toxicity and possible adverse inflammatory and/or neurological reactions are important, but few clinical data are currently available. The fact that few novel adjuvants have been developed for decades should provide a strong incentive for the pursuit of new formulations. Any experimental adjuvant will require close scrutiny for adverse reactions, as a high degree of safety is necessary to allay parental fears for new adjuvants. If neonatal APCs can be properly activated by the adjuvant within a vaccine, it will be possible to generate a robust vaccine response with durable memory while requiring fewer booster doses with less antigen per dose, reducing cost and increasing the availability of life-saving vaccines.
